The use of cloning vectors that express inserted cDNA as fusion protein has led to the isolation of genes encoding a variety of eukaryotic proteins. In these instances antisera or monoclonal antibodies were used as probes to screen expression libraries. Since fusion proteins sometimes display biological activity reflective of the insert-specified portion, we tested the possibility that ligand-binding sites might exist in fusion proteins. Specifically we used 1251-labeled calmodulin as a probe to screen a mouse brain Xgtll library. One clone, XICM-1 isolated using this approach, produces fusion protein that binds calmodulin with high affinity (Kd, 3-10 nM) in a Ca2+-dependent manner. Molecular genetic mapping experiments and deduction of the predicted higher-order structure from sequence data indicate the binding site is, or is' within, a basic, atuphiphiic a-helical domain composed of 20 amino acids. XICM-1 hybridizes with brain mRNA of 2.1 and 3.5 kb but not with mRNA from liver or kidney, suggesting possible restriction of the protein to brain. We discuss several observations that suggest XICM-1 corresponds to Ca2 /calmodulindependent protein kinase II, an enzyme that phosphorylates several neuronal proteins, some of which apparently play a role in synaptic function. Our results suggest certain types of ligands may be useful probes to isolate genes encoding various receptor proteins, particularly when the protein is very rare or when it is difficult to obtain antibodies suitable for screening libraries.
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Several prevalent proteins in the brain bind calmodulin in the presence of Ca2", an event that modulates their function (1) (2) (3) . Examples of calmodulin-binding species include protein kinases (1, 4, 5) , a phosphatase (6), and fodrin a "'structural" protein that may play a role in determining the shape and stability of synapses (7, 8) . The observations that synthetic peptides and fragments of calmodulin-binding proteins bind calmodulin show that binding sites are, at least in some instances, domains that function even when they do not reside in a complete protein in its native state (9, 10) . Therefore, we investigated whether certain fusion proteins produced in a recombinant DNA system might bind calmodulin by using labeled calmodulin as a probe to screen an expression library for recombinants corresponding to calmodulin-binding proteins (11) and report here the isolation of a cDNA that specifies a portion of a brain calmodulinbinding protein. Characteristics of the binding site are also presented and tentative identity of the brain protein corresponding to the cDNA is discussed. The successful use of calmodulin as a probe to screen an expression library points to the potential utility of using certain other ligands as probes to identify clones corresponding to various receptor proteins.
MATERIALS AND METHODS
Library Construction. Cytoplasmic poly(A)+ mRNA isolated from brains of adult male Swiss Webster mice was used for the synthesis of cDNA. Production of double-stranded cDNA was essentially as described in Maniatis et al. (12) . Double-stranded cDNA was inserted into the bacteriophage expression vector, Xgtll (13) following procedures described by Schwarzbauer et al. (14) .
Screening of Expression Libraries with 25I-labeled Calmodulin. Recombinant Xgtll phage were used to infect Escherichia coli Y1090 and plated at a density sufficient to produce 5 x 10o plaques per 15-cm agar plate. Plates were incubated for 4 hr at 420C and then nitrocellulose filters, soaked in 10 mM isopropyl f3-D-thiogalactoside (IPTG) and dried for 1 hr, were placed on the plates for 2 hr at 370C. After this incubation the filters were removed from the plates and rinsed in TBS (50 mM Tris HCl, pH 7.5/150 mM NaCl)/0.1 mM CaCl2 for 10 min at room temperature. Bovine brain calmodulin (Boehringer Mannheim) iodinated by the lactoperoxidase method (ref. 15 , commercial preparations of I251-labeled calmodulin that were tested were unsatisfactory) was used to probe the blotted plaques for the presence of calmodulin-binding activity. To prevent nonspecific binding of the labeled probe, the filters were placed in a blocking solution containing 3% (wt/vol) bovine serum albumin, TBS, and 0.1 mM CaCl2 for 30 min at room temperature. Filters were then placed in blocking solution containing 0.5-1 x 106 cpm/ml of '251-labeled calmodulin (specific activity, 4 AtCi/kg; 1 Ci = 37 GBq) for 2 hr at room temperature. After this step, the filters were rinsed by three 10-min washes in TBS/0.1 mM CaCl2. Filters were allowed to dry, and radioautographs were produced using Kodak XAR x-ray film at -70'C with an intensifying screen and an exposure period of The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 3039 calmodulin. Two positive plaques from each of the three digests were purified, and the insert sizes were determined.
RESULTS AND DISCUSSION
Labeled Calmodulin as Probe in Screening the Expression Library. cDNA transcribed from mouse brain mRNA was inserted into the bacteriophage expression vector Xgtll, and the resultant library was screened for the presence of clones (plaques) containing fusion protein that bound calmodulin. A calmodulin-binding plaque detected in the primary screen and the subsequent purification of this recombinant phage is shown in Fig. 1 . The plate shown in Fig. 1 contained about 50,000 plaques, one of which bound calmodulin. Thus, E. coli strain Y1090 does not produce proteins that bind calmodulin with an affinity that interferes with the use of labeled calmodulin as a probe. This observation is perhaps expected, as a protein resembling, or similar to, calmodulin is apparently absent in E. coli (16) . Because of our interest in brain proteins that bind calmodulin in a Ca2l-dependent or -enhanced manner, we selected plaques that bound calmodulin in the presence of Ca2". Positive plaques shown in Fig. 1 did not bind calmodulin when free Ca2+ was chelated by addition of EGTA. Background "noise" with labeled calmodulin was relatively low and was increased only moderately when higher concentrations were used. In fact the signal-to-noise ratio using calmodulin as a probe was higher than we have observed using various immunoglobulins as probes. We estimate the amount of calmodulin bound to a blot of an individual plaque yielding a clear signal (after overnight exposure of x-ray film) was =0.6 fmol (10 pg), as determined by scintillation counting.
Calmodulin-Binding Affinity of the Fusion Protein. Clone XICM-1 contained an insert of -580 nucleotides (nt) and, upon induction ofthe lac promoter, produced a fusion protein that bound calmodulin in a Ca2+-dependent manner, as shown in blots of cell lysates from induced and uninduced cells (Fig. 2) . The binding of labeled calmodulin by the fusion protein was competed by excess unlabeled calmodulin (data not shown). Affinity assays performed on the fusion protein indicated the presence of a saturable high-affinity binding site. From Scatchard plot analysis (18) of several saturation curves (example curve, Fig. 3 ), we estimated a Kd between 3 and 10 nM for this fusion protein. This affinity is in the range of that reported for certain calmodulin-binding proteins from brain (see below). Detection of fusion proteins (plaques) with binding sites of lower affinity (by a factor of 10-20) would probably require use of higher probe concentrations or longer x-ray film exposure periods than we used in screening the library.
Sequence of the cDNA Insert. (17) . Protein extracts were prepared from the lysogens either in the presence (lac operator induced) or absence of 5 mM IPTG as described (13) (ORF) sufficient to encode a sequence of -z150 amino acids.
To gain more precise information on the ORF and to identify the calmodulin-binding site, the sequence of the cDNA insert of XICM-1 was determined (Fig. 4) . The 583-nt insert was found to contain an ORF encoding 155 amino acids. Following the TAA stop codon is an untranslated sequence of 115 nt including an oligo(A) terminus of 10 bases. As no apparent polyadenylylation signal resides upstream from this oligo(A) sequence, it appears that the oligo(A) stretch probably does not represent a portion of the poly(A) tail. Internal oligo(A) stretches have been observed in 3'-untranslated regions in other mRNAs (20) (21) (22) ). It appears, therefore, that the cDNA originated by priming at this oligo(A) site, rather than within the poly(A) tail.
The protein deduced from the nucleotide sequence is unusual in that Asp-Pro linkages, which are known to be highly acid labile (23), occur with unexpected high frequency. Four such linkages are present in only -90 residues, whereas on a strictly random basis a given pairing of amino acids would be expected to occur 1 in 400 linkages (24) .
It is likely that XICM-1 was cloned via a natural EcoRI site that was cut to produce an overhang at the 5' end of the cDNA. This seems evident from the sequence data. The linkers we used were 8-nt oligomers of the sequence GGAATTCC. Such Fig. 5 provided a means to determine whether we could more narrowly define the calmodulin-binding domain. We observed that only recombinants containing the 5' fragments (117-nt EcoRI/BamHI and 153-nt EcoRI/Bgl II restriction fragments) produced calmodulin-binding fusion proteins. This molecular genetic mapping places the calmodulin-binding site within a sequence of 39 amino acids specified by the 5'-terminal portion of the cDNA (i.e., EcoRI/BamHI fragment).
Because structural features regarding the nature of calmodulin-binding sites are beginning to emerge (25, 26) , we performed various structural analyses on the protein deduced from the nucleotide sequence. A hydropathic analysis showed the protein to be mostly hydrophilic except for two short hydrophobic clusters (Fig. 6 ). Since the molecular genetic analysis showed the binding site to be located within the 39-amino acid sequence located at the amino-terminal end, we further analyzed this segment of the protein by application of the Chou and Fasman algorithm (28) and the a-helical wheel plot (Fig. 7) . These analyses indicated the predicted structure for amino acids 3-20 is that of an a-helix with a hydrophobic face opposite a basic, hydrophilic face (amphiphilic). Other investigators have found that calmodulin-binding sites are basic, amphiphilic a-helical domains (predicted structures) of 15-30 amino acids containing a cluster(s) of basic residues adjacent, in some instances, to a hydrophobic region (9, 26) . Therefore, we suggest that the calmodulin-binding site is composed of, or contained within, amino acids 3-20, as this domain appears to have all of the structural features stated above and as it is encoded by a cDNA segment shown in recombinants to specify a calmodulin-binding fusion protein. Various peptide and protein fragments that bind calmodulin seem to share certain common features regarding predicted higher-order structure, but amino acid sequence is variable, often exhibiting little to no homology (25) . However, a 21-amino acid calmodulinbinding fragment of myosin light-chain kinase has 50% homology with the predicted calmodulin-binding site in the XICM-1 fusion protein, so some sequence conservation seems apparent in certain instances (26). A frame size of 6 amino acids was used for computing the average hydropathy using values of Kyte and Doolittle (27) . Hydrophobic and hydrophilic regions are plotted as above and below the center line, respectively. Amino-terminal end is to the Left.
Tentative Identity of the Cloned cDNA. DNA and protein sequence data base searches did not reveal any significant homologies between XICM-1 and other reported genes or proteins. We suspect XICM-1 might correspond to a subunit of a major protein kinase of the brain, Ca2+/calmodulindependent protein kinase II (Ca2+/CaM kinase II). This enzyme is composed of highly similar 50-and 60-kDa subunits and is a major component of the postsynaptic density complex (5, 30) . Ca2+/CaM kinase II is autophosphorylating and phosphorylates a number of proteins located in and near synapses and apparently elsewhere throughout neuronal processes (4, 31, 32) . While definitive evidence is lacking, there are several observations that are at least consistent with the possibility that XICM-1 represents the mRNA encoding a subunit of Ca2+/CaM kinase II.
(i) In RNA gel blots XICM-1 cDNA hybridizes to brain mRNAs of 2.1 and 3.5 kilobases (kb) (Fig. 8) . Such RNAs are of sufficient size to encode proteins of 50-60 kDa. Also, hybridization of cDNA was not observed with blots of liver or kidney mRNA indicating expression of the corresponding gene might be restricted to the brain, or at least abundance of the transcript is much greater in brain than in the liver and kidney. This is consistent with what is known about the tissue distribution of Ca2+/CaM kinase II (3, 34) . The two mRNA species appear to arise as a consequence of differential transcription or processing. We suggest this because Southern blot analysis (40) (our unpublished data) indicates that XICM-1 represents a single-copy gene. Also because of the extensive similarity of the 50-and 60-kDa subunits of Ca2+/CaM kinase 11 (5, 30) , it is possible that the mRNAs of 2.1 and 3.5 kb correspond respectively to these polypeptides. (ii) XICM-1 is complementary to and has the same restriction map as another cDNA clone that we isolated from our expression library using polyvalent antisera that reacts with the 50-and 60-kDa subunits of Ca2+/CaM kinase II (our unpublished data). Additionally extensive homology, with regions of perfect matching of sequence, is found between XICM-1 and another cDNA clone obtained from a library representing rat brain poly(A)+ RNA. The rat cDNA specifies a calmodulin-binding fusion protein that is recognized by a well-characterized monoclonal antibody that reacts with the 50-and 60-kDa polypeptides of Ca2+/CaM kinase II (H. LeVine and C. Ohmstede, personal communication).
(iii) The fusion protein binds calmodulin in a Ca2+-dependent manner with similar affinity as purified Ca2+/CaM kinase II. A Kd for the fusion protein is estimated to be in the range of 3-10 nM (Fig. 3 ) as compared to 7 nM reported for the purified Ca2+/CaM kinase II (32) .
(iv) Another consideration is that of simple probability based on abundance. When the XICM-1 insert was used as a probe to further screen the library, we observed about 0.1% of the plaques to be positive. Hence We emphasize that all of these observations are merely consistent with the possible correspondence between the kinase and XICM-1.
The utility of using ligands as probes in screening expression libraries seems promising, at least in certain instances. While monoclonal and polyclonal antibodies have been used to identify recombinants that produce fusion proteins containing segments corresponding to a variety of eukaryotic proteins (14, 16, 35, 36) , this of course requires that the protein in question be isolated in sufficient amount and, in some instances, purity for production of immunoglobulins. Low abundance and involvement with membrane adds greatly to the difficulty of obtaining many proteins such as certain receptors and enzymes. These proteins are often identified only by activity in fractions of homogenates. Therefore, ligands may prove to be useful probes particularly for receptor proteins, at least in instances where ligand-binding sites function irrespective of whether the site is contained within a complete protein as shown here for calmodulin binding. In this regard, bungarotoxin has been shown to bind to a fusion protein (produced using a pUC8 vector) containing part of the a subunit of the acetylcholine receptor (39) .* *Other activities besides ligand binding have been observed in fusion proteins produced in the Xgtll system. Examples are glutamate decarboxylase and luciferase activities (37, 38) .
Note Added in Proof. We have obtained sequence information that extends the ORF of XICM-1 -200 nt upstream of that shown in Fig.  4 . The amino acid sequence deduced from this data displays regions of homology with the catalytic domain of several known serine kinases (41) . This observation supports speculation that XICM-1 might correspond to Ca2+/CaM kinase II or a similar brain protein kinase.
